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To assess the role of segmental dyssynchrony as a determinant of 
ischemic diastolic dysfunction, systolic and diastolic mechanics of 
ischemic and nonischemic myocardium were compared in the 
open chest pig heart (n = 7). Pacing tachycardia (1.8 x heart rate 
at rest) was imposed for 3 to 5 min in the presence of a single 
critical stenosis of the left anterior descending artery (demand 
ischemia, n = 7). After 30 min of recovery, the left anterior 
descending artery was totally occluded for 1.5 min in the same 
pigs (primary ischemia, n = 6). 
Both demand and primary ischemia increased left ventricular 
end-diastolic pressure and prolonged the time constant of left 
ventricular pressure decline. Percent systolic shortening of ische-
mic segments (perfused by the left anterior descending artery) 
decreased by 32% during demand ischemia and by 120% during 
primary ischemia, but that of nonischemic segments (perfused by 
the left circumflex artery) did not change significantly during 
In patients with angina pectoris (1-5) and in dogs with 
coronary stenoses (6,7) during pacing-induced ischemia (de-
mand ischemia), left ventricular diastolic pressure increases 
relative to volume, so that a higher diastolic pressure is 
needed to fill the left ventricle to the same volume (de-
creased distensibility). Alterations of regional diastolic prop-
erties have also been demonstrated in patients (5,8-11) and 
dogs (7,12-15) during demand ischemia, and several exper-
imental studies (16-19) have examined the effects of a brief 
coronary occlusion (primary ischemia) on regional mechan-
ical properties of ischemic myocardium. However, there 
have been few experimental studies of the diastolic mechan-
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either type of ischemia. During demand ischemia (but not during 
primary ischemia), left ventricular diastolic pressure increased 
relative to segment length so that a higher diastolic pressure was 
needed to stretch the ischemic segment to the same length (de-
creased distensibility). In nonischemic areas, diastolic pressure 
and segment length increased commensurately during both types 
of ischemia, indicating no change in diastolic distensibility. During 
demand ischemia, peak early diastolic lengthening rates increased 
in nonischemic segments but remained unchanged in ischemic 
segments. 
Diastolic segmental dyssynchrony developed during both types 
of ischemia, but was more pronounced during primary ischemia. 
Therefore, segmental dyssynchrony is unlikely to account for the 
rise in diastolic pressure relative to segment length seen during 
demand ischemia. 
(J Am Call CardioI1991;17:1203-12) 
ical interaction between ischemic and nonischemic myocar-
dium during demand ischemia because it is difficult to 
reproduce demand ischemia in the dog heart with only one 
vessel stenosis because of plentiful coronary collateral ves-
sels. A few studies (20,21) have tried to simulate demand 
ischemia in the conscious dog heart with a single left 
circumflex coronary stenosis, but they did not analyze 
regional diastolic function in detail. 
In this study, we asked two questions: 1) Can we dem-
onstrate differences in diastolic behavior of ischemic and 
nonischemic myocardium during demand and primary ische-
mia of the same risk area? 2) How is segmental dyssyn-
chrony between ischemic and nonischemic areas related to 
regional diastolic dysfunction? To answer these questions, 
we have developed a pig model of regional demand ischemia 
(a single coronary stenosis of the left anterior descending 
artery with superimposed pacing tachycardia) in which 
coronary collateral circulation is negligible. We compared 
diastolic and systolic mechanics of ischemic and nonis-
chemic areas in this model. We also compared the effects of 
demand and primary ischemia of the same risk area on the 
regional mechanics of the ischemic and nonischemic areas. 
Finally, we assessed the relation between segmental dyssyn-
chrony and changes in regional diastolic function during 
ischemia. 
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Figure 1. Animal preparation used in this study. A critical stenosis 
was made on the left anterior descending artery (LAD) with a metal 
clip (see text). The blood flow velocity in the artery was monitored 
with a Doppler flow probe. Left ventricular (LV) pressure was 
measured with a micromanometer inserted through the left ventric-
ular apex. Pairs of ultrasonic crystals were implanted in the area 
perfused by the left anterior descending artery and the area perfused 
by the left circumflex artery. Pacing electrodes were attached on the 
left atrium (LA). 
Methods 
Animal Preparation (Fig. 1) 
This protocol was approved by the Animal Care and Use 
Committee of the Beth Israel Hospital. Seven male farm pigs 
weighing 34 to 45 kg (mean 40 ± 1) were anesthetized with an 
intravenous injection of alpha-chloralose (100 mg/kg body 
weight) after premedication with a subcutaneous injection of 
ketamine (10 mg/kg). Additional doses of alpha-chloralose 
were given periodically to maintain the anesthesia. In this 
study, the intact pig heart preparation was chosen because it 
lacks significant coronary collateral circulation. 
Tracheal intubation or tracheotomy was performed and 
respiration was maintained by a Harvard respirator 607 A 
with oxygen and room air. Blood gas was monitored with a 
pHlblood gas analyzer (IL Micro 13-03/213-05, Instrumental 
Laboratory Inc.) and kept within physiologic range (pH 7.35 
to 7.45, P02 > 100 mm Hg and Pco2 <40 mm Hg). Rectal 
temperature was monitored and maintained above 36°C. A 
median sternotomy was performed and the pericardium was 
opened wide to make a pericardial cradle. An 8F sheath 
(Cordis) was shortened and inserted into the left ventricle 
through its apex. The side arm of the sheath was connected 
to a Statham PD23b transducer (Gould). The zero level was 
determined as the mid-height of the thorax. A 7F high fidelity 
catheter-tip micromanometer PC370 (Millar) was inserted 
into the left ventricle through the sheath. The pressure 
signals from both the fluid-filled system and micromanome-
ter were matched. 
Two pairs of ultrasonic crystals 2 mm in diameter (Triton 
Technology) were implanted in the area perfused by the left 
anterior descending artery and in the area perfused by the 
left circumflex artery (Fig. 1). The crystals were implanted 
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parallel to the left ventricular short axis, and positioned at 
the same plane (usually 3 to 5 em from the apex). We placed 
the crystals in the inner third of the myocardial wall accord-
ing to the technique of Gallagher et al. (22). The distance 
between a pair of the crystals was determined to be about 
1 cm. The position of the crystals was confirmed at the end 
of each experiment. The signals of the crystals were sent to 
a so no micrometer 120 (Triton Technology Inc.) and a dual 
trace amplifier 3An (Tektronics Inc.). The transit times of 
acoustic impulses traveling between the members of each 
pair of the crystals were measured and calibrated against 
signals of known duration from a calibrating pulse generator. 
Anterograde blood flow velocity in major epicardial cor-
onary arteries or their large branches was monitored with a 
suction-on Doppler flow probe (20 MHz), 7 mm in diameter 
(Titronics Research & Development Co.), and a directional 
pulsed Doppler flow meter 545C4 (Bioengineering, Univer-
sity of Iowa). A description and the reliability of this Doppler 
system were reported in detail by Marcus et al. (23). Arterial 
pressure was monitored with a 14 gauge polyethylene tube 
inserted by way of the carotid artery of either side. The tube 
was connected to another Statham PD23b transducer. A pair 
of electrodes connected to an electric stimulator SD9 (Grass 
Instruments Co.) was attached to the left atrial appendage. 
Limb lead electrocardiogram, left ventricular pressure and 
its first derivative (dP/dt), the two segment lengths, coronary 
flow velocity and arterial pressure were recorded with an 
eight channel physiologic recorder (ES1000, Gould Inc.). 
Heparin (10,000 U) was given after the major aspects of the 
surgery were completed. Lidocaine was infused continu-
ously (2 mg/min) during the instrumentation in some pigs. 
Experimental Protocol 
Pacing tachycardia in the absence of critical stenosis of the 
left anterior descending artery. After recovery from the 
surgical procedure (at least 30 min), left ventricular pressure 
and the two segment lengths in the areas perfused by the left 
anterior descending and left circumflex arteries were re-
corded with the respirator stopped at end-expiration. The 
lidocaine drip infusion was terminated at least 30 min before 
the recording. Then, the left atrium was paced for 3 to 5 min 
at 1.8 times the heart rate at rest. Immediately before and 
after cessation of the rapid atrial pacing, hemodynamic data 
were recorded again. 
Pacing tachycardia in the presence of critical stenosis of the 
left anterior descending artery. After the control pacing, the 
left anterior descending artery was carefully dissected free in 
the portion proximal to its first diagonal branch. Lidocaine 
and nitroglycerin were applied locally to prevent coronary 
spasm. A metal clip was used to create critical narrowing of 
the proximal left anterior descending artery. Under monitor-
ing of anterograde flow velocity in the distal left anterior 
descending artery or a large diagonal branch, we produced a 
stenosis by crimping the metal clip to reduce the peak 
coronary flow velocity by approximately 25% (10% to 40%), 
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but to preserve the rest level of systolic shortening of the 
segment perfused by the left anterior descending artery. This 
degree of reduction in coronary flow should have been equiv-
alent to a 75% to 90% luminal stenosis (24). In the pig heart, 
>50% reduction in anterograde coronary flow usually caused 
changes in wall motion at rest, presumably because of lack of 
significant coronary collateral circulation. In four pigs, we 
confirmed that the hyperemic response (an increase in mean 
coronary flow velocity) to a brief (10 to 20 s) occlusion of the 
left anterior descending artery was essentially blocked by the 
stenosis. After adjustment of the stenosis, we measured hemo-
dynamic values and then paced the heart at 1.8 times the heart 
rate at rest for the same length of time used during control 
pacing. We again recorded hemodynamic variables immedi-
ately before and after cessation of the rapid pacing. 
Total occlusion of the left anterior descending artery. 
After pacing tachycardia was produced in the presence of a 
critical stenosis of the left anterior descending artery, we 
removed the metal clip from the artery and waited for at least 
30 min. One pig died of spontaneous ventricular fibrillation 
during this period. Hemodynamic values were measured and 
the left anterior descending artery was then occluded 
abruptly and totally at the position where the metal clip had 
been placed. We measured the hemodynamic variables again 
at 1.5 min after the occlusion. This duration of occlusion was 
chosen because in our preliminary studies, most pigs died of 
ventricular fibrillation at 2 to 3 min after total occlusion of 
the proximal left anterior descending artery. 
Data Analysis 
Left ventricular pressures. The fifth beat after the cessa-
tion of the rapid atrial pacing was used for the following 
analyses in the absence or presence of a critical stenosis of 
the left anterior descending artery. Left ventricular end-
diastolic pressure is elevated in the postpacing phase for 30 
to 60 s, and decreases steadily toward normal during this 
period (12). It is reasonable, therefore, to pick a specific beat 
rather than to average several beats; to avoid postpacing 
potentiation, the fifth beat seems optimal and has been used 
in our previous studies of demand ischemia (12,13). All 
recorded left ventricular pressure and segment length data 
were digitized at 4 ms intervals with a hand-controlled cursor 
and digitizing board (Summagraphics MM 1812) connected 
to an IBM PC-AT computer. For the left ventricular pres-
sure, minimal diastolic, mid-diastolic, end-diastolic and peak 
systolic pressures were measured. End-diastole was defined 
as the time of the abrupt rise of left ventricular pressure after 
the atrial contraction wave. If this point was obscure, it was 
defined as the peak of the R wave of a simultaneous lead II 
electrocardiogram (ECG). Mid-diastole was defined as the 
midpoint between the time of minimal left ventricular pres-
sure and end diastole. Peak positive and negative dP/dt were 
calculated from the digitized pressure data. Digitization was 
done with the smoothing technique described by Ratf and 
Glantz (25) and the time constant of the decrease in left 
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ventricular pressure was calculated from both the logarithm 
of pressure (T d (26) and the derivative of pressure (T D) (25). 
The calculation began with left ventricular pressure at the 
time of peak negative dP/dt and ended at presumed mitral 
valve opening when left ventricular pressure was 5 mm Hg 
higher than the succeeding end-diastolic pressure. Mean 
correlation coefficients were 0.998 ± 0.002 for T Land 
0.937 ± 0.039 for TD . 
Left ventricular subendocardial segment lengths. These 
were measured at end-diastole, mid-diastole, end-systole 
and mitral valve opening. Maximal and minimal lengths were 
also measured. End-diastole and mid-diastole were defined 
in the same way as for the left ventricular pressure signal. 
End-systole was defined as the time of the peak negative 
dP/dt and the time of mitral valve opening as the time during 
the steep phase of left ventricular pressure decline when 
pressure was 5 mm Hg higher than the succeeding end-
diastolic pressure. Percent systolic shortening (%dL) was 
calculated as: (EDSL - ESSL)/EDSL x 100, where 
EDSL = end-diastolic segment length and ESSL = end-
systolic segment length. The segment length data were also 
smoothed and dUdt (lengthening rate) was obtained in the 
same manner as dP/dt. If positive dUdt had both early and 
late diastolic peaks, we adopted the early peak for the 
following analyses. Peak positive dUdt was normalized for 
the extent of shortening as peak positive dUdtl dL. Finally, 
the difference in the time of peak positive dUdt between the 
segments perfused by the left anterior descending and left 
circumflex arteries was calculated (dT). This value was used 
as an index of diastolic segmental dyssynchrony between the 
ischemic and nonischemic areas. Left ventricular pressure-
segment length loops were constructed by interpolating the 
digitized data and drawn with a plotter (7475A, Hewlett-
Packard). 
Statistical analysis. Data are expressed as mean values ± 
SEM. Data before and after the interventions were com-
pared by the paired t test. Differences between ischemic and 
nonischemic areas were assessed by the unpaired t test. 
Comparisons among the interventions were tested by anal-
ysis of variance. If overall significance was demonstrated, 
individual comparisons were done by the Newman-Keuls 
multiple range test. A p value :5 0.05 was considered 
significant. 
Results 
Changes in Basic Hemodynamic Indexes 
Figure 2 shows representative tracings before and after 
pacing tachycardia in the absence and presence of a critical 
stenosis of the left anterior descending artery, and total 
occlusion of this artery. 
Effects of rapid atrial pacing in the control state, without a 
critical stenosis of the left anterior descending artery, on left 
ventricular hemodynamic and regional function variables (Ta-
ble 1). Heart rate increased slightly (8%) immediately after 
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Figure 2. Pig 6. Electrocardiogram (ECG). left ventricular pressure 
(LVP) and its first derivative (dP/dt). aortic pressure (AoP) and two 
segment length recordings (SL) in regions perfused by the left 
anterior descending (LAD) and left circumflex (LCX) arteries. Left, 
Findings before and immediately after pacing tachycardia in the 
absence of coronary stenosis (control pacing). Middle, Before and 
immediately after pacing tachycardia with a severe stenosis of the 
left anterior descending artery (LAD stenosis pacing). Right, Before 
and 1.5 min after total occlusion of the left anterior descending 
artery (LAD total occlusion). 
cessation of the rapid pacing (p < 0.05 before pacing). Left 
ventricular minimal pressure increased by 1 mm Hg (p < 
0.05); end-diastolic pressure did not change significantly. 
Peak positive and negative dP/dt and the time constants of 
left ventricular isovolumetric pressure decline (T L or T D) 
also did not change significantly. In the area perfused by the 
left anterior descending artery, end-diastolic segmental 
length increased 2% (p < 0.05) and end-systolic segmental 
length 7% (p < 0.01); percent systolic segmental shortening 
decreased 11% (p < 0.05). In the area perfused by the left 
circumflex artery, end-diastolic segmental length increased 
2% (p < 0.05) and end-systolic segmental length 4% (p < 
0.05); percent systolic segmental shortening decreased 
slightly (10%) but not significantly. 
Changes in global and regional hemodynamics before and 
after rapid atrial pacing in pigs with a critical stenosis of the 
left anterior descending artery (Table 2). Heart rate in-
creased 10% (p < 0.01) and left ventricular peak systolic 
pressure 8% (p < 0.05). Left ventrIcular minimal diastolic 
pressure increased 116% (p < 0.01) and end-diastolic pres-
sure 105% (p < 0.01). Although peak positive and negative 
dP/dt showed no significant changes, both T Land T D were 
prolonged substantially, by 35% and 71 %, respectively (both 
p < 0.05). In the region perfused by the left anterior 
descending artery (ischemic area), end-diastolic segment 
length increased 6% and end-systolic segment length 14% 
(both p < 0.01). Percent systolic segmental shortening 
decreased moderately, by 32% (p < 0.01). In contrast, 
in the region perfused by the left circumflex artery (non-
ischemic area), end-diastolic segment length increased 4%, 
(p < 0.01) and end-systolic segment length 6% (both 
p < 0.01), but percent systolic segmental shortening did 
not change significantly. Systolic function of the regionally 
ischemic segments recovered completely within 3 to 5 min 
of cessation of pacing and the removal of the constricting 
clip on the left anterior descending artery. There was 
Table 1. Hemodynamic and Regional Function Variables Before 
and Immediately After Pacing Tachycardia in Seven Pigs in the 
Absence of Coronary Stenosis 
Before Mter p Value 
HR (beatslmin) 110 ± 6 119 ± 8 <0.05 
L VPSP (mm Hg) 102 ± 3 102 ± 6 NS 
L VMDP (mm Hg) 3.1 ± OJ 4.0 ± OJ <0.05 
L VEDP (mm Hg) 7.3 ± 0.6 8.6 ± 0.5 NS 
Peak (+ )dPldt (mm Hgls) 2,180 ± 170 2,310 ± 406 NS 
Peak (- )dPldt (mm Hgls) 2,217 ± 186 1,851 ± 223 NS 
TL (ms) 33 ± 2 36 ± 3 NS 
TD (ms) 30 ± 2 37 ± 4 NS 
LAD region 
EDSL(mm) 9.9 ± 0.5 10.1 ± 0.5 <0.05 
ESSL (mm) 7.6 ± 0.5 8.1 ± 0.5 <0.01 
%IlL (%) 22.9 ± 1.8 20.4 ± 1.7 <0.05 
Lex region 
EDSL(mm) 12.1 ± 1.1 1203 ± 1.1 <0.05 
ESSL (mm) 10.2 ± 1.0 10.6 ± 1.0 <0.05 
%IlL (%) 15.4 ± 203 13.8 ± 1.4 NS 
EDSL = end-diastolic segment length; ESSL = end-systolic segment 
length; HR = heart rate; LAD = left anterior descending coronary artery; 
LCx = left circumflex coronary artery; LVEDP = left ventricular end-
diastolic pressure; L VMDP = left ventricular minimal diastolic pressure; 
LVPSP = left ventricular peak systolic pressure; %IlL = percent systolic 
shortening of segment length; T L = the time constant of left ventricular 
pressure decline calculated from the logarithm of pressure (26); T D = the time 
constant of left ventricular pressure decline calculated by the derivative of 
pressure (25). 
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Table 2. Hemodynamic and Regional Function Variables Before 
and Immediately After Pacing Tachycardia in Seven Pigs With a 
Severe Stenosis of the Left Anterior Descending Artery 
Before After p Value 
HR (beats/min) 112 ± 5 123 ± 6 <0.01 
L VPSP (mm Hg) 110 ± 6 119 ± 6 <0.05 
LVMDP (mm Hg) 3.1 ± OJ 6.7 ± 0.4 <0.01 
L VEDP (mm Hg) 703 ± 0.6 15.0 ± 1.0 <0.01 
Peak (+ )dP/dt (mm Hgls) 1,813 ± 193 2,141 ± 220 NS 
Peak (-)dP/dt (mm Hgls) 2,447 ± 256 1,969 ± 229 NS 
TL (ms) 34 ± 3 46 ± 6 <0.05 
TD(ms) 34 ± 3 58 ± II <0.05 
LAD region 
EDSL(mm) 9.9 ± 0.6 10.5 ± 0.6 <0.01 
ESSL(mm) 8.0 ± 0.6 9.1 ± 0.6 <0.01 
%~L(%) 20.2 ± 203 13.7 ± 1.7 <0.01 
LCx region 
EDSL(mm) 12.1 ± 1.0 12.6 ± 1.0 <0.01 
ESSL (mm) 1003 ± 1.0 10.9 ± 1.0 <0.01 
%~L(%) 15.4 ± 2.6 14.1 ± 2.2 NS 
Abbreviations as in Table I. 
no stunning of the myocardium after the brief episode of 
ischemia. 
Changes in the hemodynamic indexes during total occlusion 
of the left anterior descending artery (Table 3). During the 
30 min recovery period before total coronary occlusion, left 
ventricular global (positive dP/dt) and regional (percent 
systolic segmental shortening) function decreased slightly, 
but these changes were not statistically significant. Indexes 
such as the time constant of left ventricular pressure decline 
remained stable. After 1.5 min of occlusion, heart rate 
increased slightly but not significantly. Left ventricular peak 
systolic pressure decreased moderately (18%, p < 0.01), 
with substantial increases in minimal diastolic pressure 
Table 3. Hemodynamic and Regional Function Variables in Seven 
Pigs Before and 2 Minutes After Total Occlusion of the Left 
Anterior Descending Artery 
Before After p Value 
HR (beats/min) 125 ± 9 134 ± II NS 
L VPSP (mm Hg) 105 ± 5 86 ± 5 <0.01 
L VMDP (mm Hg) 3J ± OJ 6.5 ± OJ <0.01 
L VEDP (mm Hg) 6.8 ± 0.5 10.7 ± 0.9 <0.01 
Peak (+ )dP/dt (mm Hgls) 1,516 ± 130 1,346 ± 182 NS 
Peak (-)dP/dt (mm Hg/s) 2,248 ± 335 1,659 ± 232 <0.01 
Tdms) 32 ± 3 38 ± 3 <0.01 
TD (ms) 32 ± 5 43 ± 6 <0.01 
LAD region 
EDSL(mm) 9.7 ± 0.6 10.5 ± 0.6 <0.01 
ESSL (mm) 8.0 ± 0.6 10.9 ± 0.7 <0.01 
%~L(%) 17.4 ± 2.0 - 3.5 ± 0.6 <0.01 
LCx region 
EDSL(mm) 12.8 ± 0.8 1303 ± 0.8 <0.01 
ESSL (mm) 11.1 ± 0.9 11.1 ± 0.8 NS 
%aL(%) 14.0 ± 3.2 16.4 ± 2.4 NS 
Abbreviations as in Table I. 
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(97%) and end-diastolic pressure 57% (both p < 0.01). Peak 
negative dP/dt decreased 26% (p < 0.01) and T Land T D were 
significantly prolonged (19% and 34%, respectively, p < 
0.01). In the region perfused by the left anterior descending 
artery (ischemic area), end-diastolic segment length in-
creased slightly (8%, p < 0.01), whereas end-systolic seg-
ment length was augmented markedly (36%, p < 0.01). 
Percent systolic segmental shortening decreased dramati-
cally, by 120% (p < 0.01), and became negative, indicating 
development of a holosystolic bulge (Fig. 2). In the region 
perfused by the left circumflex artery (nonischemic area), 
end-diastolic segment length increased (p < 0.01), but end-
systolic segment length remained unchanged. Percent sys-
tolic segmental shortening increased 17% (NS). 
Diastolic Pressure-Segment Length ReLation 
Dynamic diastolic left ventricular pressure-segment length 
relations before and immediately after pacing tachycardia 
(Fig. 3). With pacing tachycardia in the normal pig heart, 
left ventricular diastolic pressure was unchanged relative to 
segment length in the region perfused by either the left 
anterior descending or the circumflex artery. With pacing 
tachycardia in the presence of a severe stenosis of the left 
anterior descending artery, left ventricular diastolic pressure 
was increased relative to segment length (higher diastolic 
pressure at any given segment length) in the region perfused 
by the left anterior descending artery (ischemic area), 
whereas in the region perfused by the left circumflex artery 
(nonischemic area) it appeared to move rightward on the 
same pressure-length line as in the prepacing control period. 
During total occlusion of the left anterior descending artery, 
the dynamic left ventricular diastolic pressure-segment 
length relation shifted primarily rightward in the region 
perfused by this artery (ischemic area), and in the region 
perfused by the left circumflex artery (nonischemic area) it 
showed similar changes as with the pacing-induced ische-
mia. 
Averaged dynamic left ventricular diastolic pressure-
segment length relations from all experiments (Fig. 4). The 
relations were plotted as left ventricular pressure versus 
normalized segment length (the end-diastolic segment length 
before the interventions as 100%). The three points repre-
sent the time of left ventricular minimal diastolic pressure, 
mid-diastole and end-diastole. As with the representative 
pressure-segment length relations shown in Figure 3, the 
averaged dynamic diastolic left ventricular pressure-segment 
length relation was not changed in either myocardial region 
after pacing tachycardia in the absence of critical stenosis of 
the left anterior descending artery (Fig. 4). With pacing 
tachycardia in the presence of severe stenosis of the left 
anterior descending artery, the relation shifted upward and 
rightward in the region perfused by this artery (ischemic 
area), but seemed to move rightward on the control pres-
sure-length line in the region perfused by the left circumflex 
artery (nonischemic area). Total occlusion of the left anterior 
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descending artery (Fig. 4) caused similar changes in the 
averaged diastolic left ventricular pressure-segment length 
relation of the region perfused by the left circumflex artery 
(nonischemic area) to those during the pacing-induced ische-
mia, and induced a rightward and downward shift of the 
relation in the region perfused by the left anterior descending 
artery (ischemic area). 
Comparison of the left ventricular pressure-segment length 
loop and diastolic pressure-segment length relationships of the 
ischemic area (Fig. 5). Figure 5 (left) shows data from a pig 
in which the systolic left ventricular pressure-segment length 
loop was best preserved after pacing tachycardia in the 
presence of a critical coronary stenosis; in this pig, left 
ventricular diastolic pressure increased with no change in 
early, mid- or end-diastolic segment. In another pig with a 
severe coronary stenosis (Fig. 5, middle), pacing-induced 
ischemia resulted in the systolic left ventricular pressure-
segment loop becoming distorted, showing rightward incli-
nation similar to that reported by Sasayama (9). The diastolic 
pressure-segment length relation in this pig shifted both 
upward and rightward. During total occlusion of the left 
I 
I ,-
12 
Figure 3. Pig 7. Left ventricular dynamic diastolic pres-
sure-segment length relations before and after pacing tachy-
cardia in the absence (control pacing, upper) or presence 
(LAD ST PAC, middle) of a critical stenosis on the left 
anterior descending artery, and total occlusion of the left 
anterior descending artery (LAD OCC, lower). The region 
perfused by the left anterior descending artery (LAD re-
gion) is the ischemic area, and the region perfused by the 
12 left circumflex artery (LCX region) is the nonischemic area. 
12 
anterior descending artery (Fig. 5, right) in the same pig, the 
systolic left ventricular pressure-segment length loop was 
distorted severely, indicating holosystolic bulge formation, 
and left ventricular diastolic pressure and segment length 
increased commensurately. 
Changes in early diastolic lengthening rate (Table 4). 
During control pacing, peak early diastolic lengthening rates 
did not change. Immediately after pacing tachycardia in the 
presence of a critical coronary stenosis, peak lengthening 
rate increased in the region perfused by the left circumflex 
artery (nonischemic area), but not in the region perfused by 
the left anterior descending artery (ischemic area). During 
total coronary occlusion, normalized peak lengthening rate 
decreased in the region perfused by the left anterior descend-
ing artery (ischemic area) and did not change significantly 
but tended to increase in the region perfused by the left 
circumflex artery (nonischemic area). The difference in the 
time (~T) of early diastolic peak lengthening between the 
regions perfused by the left anterior descending and left 
circumflex arteries was longer during total coronary occlu-
sion than during control pacing (p < 0.01) and pacing-
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Figure 4. Averaged left ventricular dynamic diastolic pressure-
segment length relationships before and after the control pacing 
(PAC) (upper). left anterior descending stenosis pacing (LAD ST 
PAC) (middle) and left anterior descending artery occlusion (LAD 
OCC) (lower). The three points of each curve represent averaged 
data from early diastole (at minimal left ventricular pressure). 
mid-diastole (at the midpoint between early and end-diastole) and 
end-diastole. Bars represent 1 SEM. Segment lengths are normal-
ized such that the end-diastolic length before the interventions are 
100%. Abbreviations as in Figure 3. 
induced ischemia in the presence of coronary stenosis (p < 
0.05). 
Discussion 
In this study, alterations of regional myocardial mechan-
ics of the ischemic segment varied with the type of ischemia, 
i.e., pacing-induced ischemia (demand ischemia) or low flow 
ischemia (primary ischemia). We also observed the relation-
ships between systolic and diastolic function, and between 
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segmental dyssynchrony and regional diastolic function. To 
our knowledge, this study is the first observation in a pig 
model of regional demand ischemia in which the differences 
in diastolic behavior of the ischemic and nonischemic areas 
were examined in detail. 
Diastolic segmental dyssynchrony between the ischemic and 
nonischemic segments during early diastole. This was one of 
the important findings of this study, and has often been 
observed in patients with coronary artery disease at rest 
(27,28) and during pacing-induced angina (9,29), and in dogs 
with regional primary ischemia (17,30). The significance or 
mechanism of the dyssynchrony, however, is still controver-
sial (31,32). In the present study, early diastolic dyssyn-
chrony, represented by the difference (11 T) in the time of 
peak lengthening rate between the ischemic and nonischemic 
segments, developed during both demand and primary ische-
mia. The degree of dyssynchrony, however, was larger 
during primary than during demand ischemia. These findings 
suggest that factors other than early diastolic segmental 
dyssynchrony are important in causing an increase in left 
ventricular diastolic pressure relative to length of the ische-
mic segment (decreased diastolic distensibility), because this 
increase was observed only with demand ischemia. How-
ever, it is possible that dyssynchrony contributed to the 
decreased distensibility, but that this effect was simply 
overwhelmed by other factors in the case of total occlusion. 
Differences in diastolic function between ischemic and 
nonischemic areas during pacing-induced ischemia. Clinical 
studies by Sasayama and coworkers (5,9-11) demonstrated 
that the diastolic pressure-segment length (radial axis) rela-
tion derived from left ventriculography shifted upward in the 
ischemic area during pacing-induced angina pectoris. In 
contrast, the diastolic pressure-segment length relation of 
the nonischemic region moved rightward on the same pres-
sure-segment length line as the prepacing control beat (5, II). 
In our study, diastolic left ventricular pressure increased 
relative to segment length in ischemic myocardium, but not 
in area of nonischemic myocardium after pacing tachycardia 
in the presence of severe stenosis of the left anterior de-
scending artery. Although this finding is similar to findings of 
the clinical studies (5,11), there are several differences. In 
the present study end-diastolic length of the ischemic seg-
ment increased significantly during demand ischemia, with a 
smaller increase in end-diastolic length of the nonischemic 
segment. In the studies of Sasayama et a\. (5,9-11), end-
diastolic length of the ischemic segment remained un-
changed, whereas that of the control segment was aug-
mented considerably, indicating utilization of the Frank-
Starling mechanism by the nonischemic area to maintain 
global ventricular function during angina pectoris. 
Such discrepancies are likely attributable to the differ-
ences in the subjects and methods used in these studies. In 
this regard, the clinical studies examined patients with a 
history of anginal attacks. Development of collateral circu-
lation or altered metabolic state could affect the response to 
additional ischemic insults in patients with long-standing 
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Figure 5. Left ventricular pressure-segment length loops (upper) 
and corresponding dynamic diastolic pressure-segment length rela-
tions (lower) recorded before and after the left anterior descending 
(LAD) stenosis pacing (ST PAC) (left, Pig 7 and middle panel, Pig 5) 
or left anterior descending artery occlusion (LAD OCC) (right, 
Pig 5). 
angina pectoris (2,33). Hess et al. (34) reported that biopsy 
samples from ischemic myocardium showed myocardial 
hypertrophy and interstitial fibrosis in patients with chronic 
exercise-induced angina: these features would be expected 
to oppose increases in end-diastolic length with increasing 
end-diastolic pressure. An additional difference between our 
study and the clinical studies (5,11) is that in the latter 
studies the radial axes, drawn from the center of gravity to 
the inner surface of the left ventricle, were used as "segment 
lengths." The radial axis might have behaved in a different 
fashion from the circumferential segment length when left 
ventricular geometry was altered. Finally, regional variation 
in myocardial segmental mechanics should be taken into 
consideration. Lew and LeWinter (35) demonstrated that 
lateral myocardial segments are stiffer than anterior ones in 
the dog left ventricle. Their study may explain why the 
nonischemic segment exhibited only modest lengthening in 
our study, because we always chose the lateral wall perfused 
by the left circumflex artery as nonischemic area. 
Comparison with previous dog studies. There are some 
differences between the findings of previous dog studies of 
Table 4. Peak Early Diastolic Lengthening Rates and the Time Differences in Peak Early Diastolic Lengthening Between the Left 
Anterior Descending and Left Circumflex Regions Before and After Interventions 
Control Pacing (n = 7) LAD Stenosis Pacing (n = 7) LAD Occlusion (n = 6) 
----_. 
Before After Before After Before After 
Peak (+ )dLldt (mm/s) 
LAD region 41 ±: 6 43 ±: 8 33 ±: 5 34 ±: 4 35 ±: 7 17 ±: 3* 
LCx region 29 ±: 4 36 ±: 4 22 ±: 3 35 ±: 4t 30 ±: 6 42 ±: 3 
Peak (+ )dLldtiaL (Is) 
LAD region 17 ±: 5 18 ±: 7 15 ±: 3 17 ±: 6 18 ±: 6 17 ±: 7 
LCx region 14 ±: 4 17 ±: 4 12 ±: 4 17 ±: 5' 18 ±: 9 20 ±: 7 
aT (ms) 11 ±: 3 16 ±: 8 16 ±: 9 46 ±: IU 29 ±: 12 77 ±: 1l*,§,11 
*p < 0.05, tp < 0.01 versus before; :j:p < 0.05, §p < 0.01 versus control pacing; lip < 0.05 versus LAD stenosis pacing. Control Pacing = pacing tachycardia 
in pigs in the absence of coronary stenosis; LAD Stenosis Pacing = pacing tachycardia in pigs with a severe stenosis of the left anterior descending coronary 
artery; LAD Occlusion = a total occlusion of the left anterior descending artery; (+ )dLldt = early diastolic lengthening rate; (+ )dLldt/aL = (+ )dLldt corrected 
by the maximal lengthening (maximal segment length minus minimal segment length); aT = the time difference in the .peak early diastolic lengthening between 
the left anterior descending (LAD) and left circumflex (LCx) regions. 
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regional demand ischemia and the present pig study. The 
size of the ischemic risk area was larger in the dog studies 
(6,7,12-15), in which critical stenoses were made on both the 
proximal left anterior descending and left circumflex arter-
ies. The effect of the relative sizes of ischemic and nonis-
chemic areas on the regional diastolic properties of the 
ischemic segment is uncertain. When the size of the non is-
chemic area is larger than that of the ischemic area, as in the 
present study, mechanical stretching of the ischemic seg-
ment by the nonischemic segment could become prominent 
and a significant increase in the end-diastolic ischemic seg-
ment length could occur (36). 
In this study, changes in the dynamic diastolic left ven-
tricular pressure-segment length relation of the ischemic 
segment during demand ischemia were definitely different 
from those during primary or supply ischemia. This finding is 
consistent with the results of the previous dog experiments 
(13,14). The mechanisms accounting for the differences in 
regional diastolic function between demand and primary 
ischemia probably reflect differences in coronary vascular 
turgor (37), tissue pH (13), systolic activity (14), systolic 
stretching of the ischemic by the nonischemic segment (38) 
and content of high energy phosphates (13). 
Applegate et al. (39) reported that abnormalities in sys-
tolic and diastolic function were qualitatively similar be-
tween demand and primary ischemia in the open chest dog 
heart with two vessel stenoses or occlusions on the left 
anterior descending and left circumflex arteries. Although 
their studies appear to conflict with the results of previous 
dog studies from our laboratory (13,14) as well as the present 
pig study, they (39) and Paulus (40) suggested several 
explanations for the different findings. First, the severity of 
coronary stenoses was adjusted without monitoring coro-
nary flow in their study (39), and tended to be more profound 
than that in our previous studies (6-8,12-15) and the present 
study. In fact, myocardial blood flow determined by micro-
sphere technique was decreased transmurally in the ische-
mic area in their study (39), but just subendocardially in the 
study of Momomura et al. (13). Second, systolic function 
was severely impaired during pacing-induced ischemia (de-
mand ischemia) in the study of Applegate et al. (39), in which 
regional systolic shortening of ischemic segments decreased 
by >50% and mean arterial pressure declined by >30%. In 
contrast, systolic shortening of ischemic segments decreased 
by <30% and peak systolic left ventricular pressure de-
creased only slightly in our previous dog studies (6,7,12-15). 
In the present study, systolic shortening of the ischemic 
segment decreased by 32%, While systolic peak left ventric-
ular pressure actually increased during regional demand 
ischemia (Table 2). Because degrees of the upward shift of 
the diastolic pressure-segment length relation apparently 
depend on regional systolic function (14,40) (Fig. 5), Apple-
gate et al. (39) may not have observed an upward shift in 
their study because of the severely depressed postpacing 
systolic function caused by very severe coronary stenoses. 
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Regional differences in diastolic segmental behavior be-
tween the ischemic and nonischemic areas. These could be 
observed not only in the dynamic diastolic pressure-segment 
length relation, but also in the dynamics of early diastolic 
lengthening. Previously, changes in the lengthening or thin-
ning rate of the ischemic myocardium during demand 
ischemia had been assessed in clinical studies (8, II). N aka-
mura et al. (10) demonstrated that peak lengthening rate of 
ischemic segments decreased, whereas that of nonischemic 
segments did not change during pacing-induced angina in 
patients with coronary artery disease. In the present study, 
peak early diastolic lengthening rate of the ischemic segment 
did not increase despite an increase in left ventricular filling 
pressure, whereas peak early diastolic lengthening rate of 
the nonischemic segment increased significantly. Although 
mechanisms accounting for changes in the peak lengthening 
rate are complex (41), the findings of our study are consistent 
with an increased resistance to stretch in myocardium sub-
jected to demand ischemia. 
Because this study was done in the pig with the chest and 
pericardium open, an essential role for the pericardium 
(42,43) on the observed changes in the dynamic diastolic left 
ventricular pressure-segment length relationships may be 
excluded. Although the role of the right ventricle cannot be 
assessed directly in this study, it is difficult to explain the 
differences in the dynamic diastolic left ventricular pressure-
segment length relation between the ischemic and nonisch-
emic areas only on the basis of right ventricular dilation and 
displacement of the interventricular septum into the left 
ventricle. 
Conclusions. We demonstrated differences in diastolic 
behavior between ischemic and nonischemic areas, and 
between demand and primary ischemic segments in the open 
chest and open pericardium pig heart. Our data support the 
hypothesis that altered diastolic properties of the ischemic 
myocardium occur during demand ischemia (44). Although 
the fundamental mechanism is unknown, recent data (45) 
indicate that diastolic intracellular calcium levels rise rapidly 
in the isovolumetric left ventricle during hypoxic perfusion 
in parallel with an increase in left ventricular end-diastolic 
pressure at constant volume. The hypothesis that altered 
intracellular calcium is related to the diastolic dysfunction 
seen in our demand ischemia experiments is attractive but 
needs to be tested by direct measurement of cytosolic Ca2+ 
in the intact pig heart. 
We thank Alvin Franklin for fine technical assistance and Patricia Allen for 
excellent secretarial help. 
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